With the use of recently computed diabatic potential energy surfaces (J. Chem. Phys. 2001, 115, 3085) a full ab initio calculation was made of the bound energy levels of the Cl( 2 P)-HCl van der Waals complex for total angular momentum J ) 1 / 2 , 3 / 2 , 5 / 2 , and 7 / 2 . The dissociation energy D 0 of the complex was found to be 337.8 cm -1 for J ) 1 / 2 and |Ω| ) 1 / 2 , where Ω is the projection of J on the Cl-HCl bond axis. The complex is T-shaped in the ground state and in a series of stretch and bending excited states, with a van der Waals bond length R of ∼3.2 Å. A series of states with linear geometry were also found, however, with |Ω| ) 3 / 2 and R ≈ 3.9 Å, the lowest of which has a binding energy of 276.1 cm -1
Introduction
A chemical reaction that has been studied intensively over more than a decade, both by theory [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and by experiment, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] is the hydrogen exchange reaction between a free Cl atom in its ground 2 P state and the HCl molecule. A weakly bound Cl( 2 P)-HCl van der Waals complex is present in the entrance and exit channels of this reaction, which is believed to influence the rate and outcome of the reaction. 21 Theoretical studies of the bound states of this complex were reported by Dubernet and Hutson 22 and, more recently, by Zdanska et al. 23 Dubernet and Hutson based their studies on diabatic model potentials, which they constructed by combining empirical Ar-HCl, ArCl, and Ar-Ar potentials with the electrostatic interactions between the quadrupole moment of the Cl( 2 P) atom and the dipole and quadrupole of HCl. Zdanska and co-workers calculated adiabatic potential energy surfaces at the multireference averaged coupled-pair functional (MRACPF) level and reported bound states calculated with and without inclusion of an angular first-derivative non-adiabatic coupling term. In their calculations they fixed the orientation of the intermolecular vector R between the Cl nucleus and the HCl center of mass, which corresponds approximately, but not exactly, to a neglect of the overall rotation of the complex.
Accurate two-dimensional (2D) adiabatic and diabatic potential energy surfaces for the Cl( 2 P)-HCl system were recently reported by Kłos et al. 24 They were obtained from ab initio spinrestricted coupled cluster calculations with single, double, and noniterative triple excitations [RCCSD(T)], combined with multireference configuration interaction including single and double excitations (MRCISD) to obtain the non-adiabatic coupling coefficient. In the present work we re-expand these diabatic potentials in the form that was derived in refs 22 and 25-27 and apply them in a detailed study of the bound states of the Cl( 2 P)-HCl van der Waals complex. The method for the calculation of the van der Waals levels is described under Bound State Calculations. Also, the spin-orbit interaction in the Cl( 2 P) atom is included in this calculation, with the same assumption as in refs 22 and 23 that the spin-orbit coupling constant is not affected by the weak interaction with the HCl molecule. We obtain a full solution of the 2D problem with all six electronic states of Cl( 2 P)-HCl that correlate asymptotically to the 2 P 3/2 and 2 P 1/2 spin-orbit states of the Cl atom. To understand the character of the bound states on the multiple potential surfaces, we also perform a set of rigid bender calculations with the Cl-HCl distance R frozen, to a range of values. Under Results we discuss and compare our findings with previous work. In the final section, our conclusions are summarized.
Bound State Calculations
The bound states of Cl( 2 P)-HCl are most conveniently calculated in a two-angle embedded body-fixed (BF) frame with the z-axis along the vector R from the Cl atom to the HCl center of mass. This frame is related to a space-fixed (SF) frame by a rotation over the angles ( ,R), which are the polar angles of R with respect to the SF frame. The Cl-H bond axis r has the polar angles (θ,φ) with respect to the BF frame; θ is the angle between r and R, which is zero for the linear Cl-HCl geometry. Because the H-Cl vibration has a much higher frequency than the vibrations of the Cl-HCl complex, we froze the H-Cl bond length r and used the experimental value for the ground state rotational constant b 0 ) 10.44019 cm -1 of HCl. The ab initio potential was calculated for the equilibrium bond length r e ) 1.275 Å. In this representation the Hamiltonian for the nuclear motion on the multiple diabatic potential surfaces reduces to where µ AB ) 17.732802 u is the reduced mass of the complex. The operators λ and Ŝ represent the orbital and spin angular momenta of the Cl atom and ĵ A ) λ + Ŝ the total atomic angular momentum. The splitting between the ground j A ) 3 / 2 and excited j A ) 1 / 2 spin-orbit states of Cl( 2 P) is D SO ) 882.4 cm -1 and the atomic spin-orbit coupling constant is A ) -2D SO /3 ) -588.27 cm -1 . The operator ĵ B is the rotational angular momentum of the HCl molecule and Ĵ the total angular momentum of the complex. The diabatic states of the Cl( 2 P)-HCl complex that correlate with the corresponding states of the Cl( 2 P) atom are labeled with the quantum numbers (λ,µ), where λ ) 1 and µ ) -1, 0, 1 is the projection of λ on the BF z-axis R. The potentials V µ′,µ (R,θ,φ) are the diabatic interaction potentials in a two-angle embedded BF frame as described in ref 27 . The expansion of these diabatic potentials is given by the following expression:
The functions C l,m (θ,φ) are Racah normalized spherical harmonics. Note that only functions with m ) µ -µ′ occur in the expansion. The same formula (eq 2) with identical expansion coefficients holds in a three-angle embedded BF frame with φ ) 0 27 and the potentialsV µ′,µ (R,θ) ≡ V µ′,µ (R,θ, 0) do not depend on the angle φ in this frame.
Accurate ab initio results for the diabatic potential surfaces V µ′,µ (R,θ) are given in ref 24 . To express their anisotropy in the form of eq 2, we made new fits of the original ab initio data. For the diabatic potential surfaces V 0,0 and V 1,1 ) V -1,-1 we fitted the R dependence to an Esposti-Werner 28 function for each value of θ on the grid of 13 angles used in the ab initio calculations. Subsequently, we obtained the anisotropic expansion coefficients V l B µ′,µ (R) in eq 2 for a given R from a least-squares fit of the values for the 13 angles to a set of spherical harmonics C lB,m (θ,0) with m ) µ -µ′ ) 0 and l B ) 0, 1, ..., 8. For the diabatic potential V -1,1 we made a new global fit of the ab initio data similar to the fit made in ref 24 , but with the anisotropy expanded in spherical harmonics C l,m (θ,0) with m ) 2 instead of Legendre polynomials P l 0 (cos θ). The latter are, of course, equal to C l,m (θ,0) with m ) 0, so this seems only a subtle difference, but a correct description of the anisotropy 27 according to eq 2 requires that m is fixed at µ -µ′ ) 2. The short-range contribution to V -1,1 was written as where with m ) 2 and l ) l B ranging from 2 to 9. The exponents d(θ) and b(θ) were expanded in Legendre polynomials P l 0 (cos θ) with l ) 0, 1, 2, just as in ref 24 . The long-range contribution was represented as a damped expansion in powers of R -1
The electrostatic multipole-multipole contributions start at n ) 4, the induction and dispersion contributions start at n ) 6, and f n (bR) is a Tang-Toennies damping function. 29 The coefficients C nl with n ) 4 and n ) 5 were not varied in the fit. They were determined from the quadrupole moment of Cl( 2 P) and the dipole and quadrupole of HCl according to the longrange formulas in ref 27 . Also for the diabatic coupling potential V 0,1 we made a new global fit, with the same procedure as applied in the fit of V -1,1 . In this case, the exponents d(θ) and b(θ) in eq 3 were chosen to be independent of θ, and we used spherical harmonics C l,m (θ,0) with m ) µ -µ′ ) 1 in the fits of eqs 4 and 5, with l ) l B ranging from 1 to 6. Finally, we computed the expansion coefficients V l B -1,1 (R) and V l B 0,1 (R) for l B values up to 12 according to eq 2 by Gauss-Legendre numerical integration over the fitted potentials V -1,1 and V 0,1 . These coefficients obey the relations
(R) (see ref 27) , so that all diabatic potentials V µ′,µ (R,θ,0) with µ′,µ ) -1, 0, 1 are known.
Because of the large spin-orbit coupling in the Cl( 2 P) atom it is most convenient for the interpretation of the results to use a coupled atomic basis set for which the spin-orbit term in the Hamiltonian λ‚Ŝ In addition to J and M, the parity of the states of the complex under inversion î is a good quantum number. The effect of inversion on the basis is This property is used to construct a parity-adapted basis with parity p. It is customary to define the spectroscopic parity , which is related to the total parity by
with parities ) 1 and ) -1 are denoted with e and f, respectively.
Results
The bound states of the complex were obtained from a full diagonalization of the Hamiltonian matrix. Calculations were performed for J up to 7 / 2 inclusive. This does not provide all of the bound states. A simple extrapolation of the lowest energy level for each J with a second-order polynomial shows that there might still be bound states for J ) 123 / 2 . The levels were converged to within 10 -4 cm -1 with an angular basis truncated at j Bmax ) 15 and a radial basis with n max ) 14. Test calculations with j Bmax ) 20 gave levels that did not deviate by >10 -6 cm -1 from the j Bmax ) 15 results.
It is important for understanding the bound levels of Cl( 2 P)- HCl that one considers also diabatic and adiabatic potential energy surfaces with the large spin-orbit coupling term included. Diabatic states |j A ω A 〉 including spin-orbit coupling are defined, which correlate to the atomic states 22 A few of the most relevant cuts through our potential surfaces are presented in Figure 2 .
One-Dimensional (1D) Calculations. Before we discuss the full 2D calculation of the bound states, it is useful to consider the hindered internal rotation or bending motion of the HCl monomer in the complex in a series of calculations with fixed Cl-HCl distance R. We made such calculations for values of R ranging from 2.5 to 5.5 Å in steps of 0.1 Å; the energy levels for J ) 1 / 2 and J ) 3 / 2 are shown in Figure 3 . An analysis of the wave functions of the lowest states of parity e is given in Tables 1 and 2 , for R ) 3.2 and 3.9 Å, respectively. Many of the curves in Figure 3 nearly coincide for J ) 1 / 2 and 3 / 2 , which indicates that the corresponding bound states for J ) 3 / 2 are similar to those for J ) 1 / 2 , except for an additional quantum of overall rotation. In Tables 1 and 2 one can see that |Ω| is a good approximate quantum number, also for J ) 3 / 2 , and the nearly coinciding curves correspond to states with |Ω| ≈ 1 / 2 . The expansion coefficients of these states are indeed very similar; compare, for example, in Table 1 the lowest state for J ) 1 / 2 with the lowest state for J ) 3 / 2 and the second state for J ) 1 / 2 with the third state for J ) 3 / 2 . In Table 2 the first and second states for J ) 1 / 2 are very similar to the second and fourth states for J ) 3 / 2 , respectively. The curves in Figure 3 that occur for J ) 3 / 2 , but not for J ) 1 / 2 , refer to states with |Ω| ≈ 3 / 2 .
An interesting feature observed in Figure 3 is that the lowest energy curve for J ) 3 / 2 and |Ω| ) 3 / 2 exhibits two minima, for R ) 3.2 and 3.9 Å. For R ) 3.2 Å the lowest level with J ) 1 / 2 and |Ω| ) 1 / 2 is the ground state, whereas for R ) 3.9 Å the ground state has J ) 3 / 2 and |Ω| ) 3 / 2 . From the potential surface cuts presented in Figure 2a for θ ) 0°and in Figure 2b for 90°one can see that the ground state at 3.2 Å corresponds to a minimum in the lowest diabatic potential with j A ) 3 / 2 and 
|ω A | ) 1 / 2 at the T-shaped structure (cf. Figure 1b) . It is this diabat that causes the secondary minimum at θ ) 90°in the lowest adiabatic potential energy surface shown in Figure 1d . In Table 1 one observes that the ground state at R ) 3.2 Å indeed has mostly j A ) 3 / 2 and |ω A | ) 1 / 2 character. The ground state at R ) 3.9 Å corresponds to the minimum in the lowest diabat with j A ) 3 / 2 and |ω A | ) 3 / 2 at the linear structure (see Figure 1a ). This diabat is responsible for the minimum at θ ) 0°in the lowest adiabatic potential energy surface shown in Figure 1d . In Table 2 one observes that the ground state at R ) 3.9 Å indeed has mostly j A ) 3 / 2 and |ω A | ) 3 / 2 character. A striking difference between our results and the results of Dubernet and Hutson 22 is that the ground state with the T-shaped structure and R ≈ 3.2 Å was not found in their calculation. Their lowest adiabatic surface including spin-orbit coupling does not display a minimum for the T-shaped geometry. In their lowest spin-free adiabat they do find a local minimum at the T-shaped structure, but its relative depth in comparison to the global minimum at the linear structure is smaller than in our case (cf. ref 24) . Hence, their ground-state resembles the state of linear geometry that we observe around R ) 3.9 Å. Zdanska et al. 23 did obtain a secondary minimum for the T-shaped structure in their lowest adiabat including spin-orbit coupling, but apparently this minimum is not sufficiently deep to support the T-shaped ground state that we find.
Inspection of the curves in Figure 3 shows an avoided crossing around R ) 3.6 Å in the lower curves for J ) 3 / 2 , |Ω| ) 3 / 2 . The analysis of the bound states in Tables 1 and 2 shows that this avoided crossing is accompanied by a switch of |ω A | ) 3 / 2 character at R ) 3.9 Å, which favors the linear Cl-HCl structure, to |ω A | ) 1 / 2 character at R ) 3.2 Å, which favors the T-shaped structure. The approximate quantum number j A is mostly 3 / 2 for all of the low-lying states, because of the large gap between the 2 P 3/2 and 2 P 1/2 spin-orbit levels in the Cl atom. Still, substantial admixture of the j A ) 1 / 2 component is observed at R ) 3.2 Å. It is somewhat surprising that |ω A | is a nearly good quantum number at R ) 3.2 Å, but not at R ) 3.9 Å. This can be understood by looking at the potential surface cuts for R ) 3.2 Å in Figure 2c , where the j A ) 1 / 2 and j A ) 3 / 2 curves come close for θ around 90°but the |ω A | ) 1 / 2 and |ω A | ) 3 / 2 curves with j A ) 3 / 2 stay far apart for θ ≈ 90°. In Figure  2d one can see that at R ) 3.9 Å the j A ) 1 / 2 curve stays far above the j A ) 3 / 2 curves, and the latter stay close together for |ω A | ) 1 / 2 and |ω A | ) 3 / 2 over the whole θ range. The diatom rotational quantum number j B is definitely not a good quantum number; hence, the rotation of HCl is considerably hindered. Surprisingly, one can clearly distinguish states with even j B and states with odd j B at R ) 3.2 Å. Also, |ω B | is a nearly good quantum number at R ) 3.2 Å but not at R ) 3.9 Å. The exception is the ground state at R ) 3.9 Å, which we discussed before. It has a linear geometry and ω B ≈ 0. This state can be considered as a Renner-Teller system, with |ω B | being the bending angular momentum that for linear triatomic molecules is commonly denoted l.
Further understanding of these results can be obtained from a view of the angular density distributions plotted in Figures 4 and 5. These distributions are obtained by integrating the absolute square of the rovibronic wave functions over all coordinates except the angle θ. They contain contributions of the different electronic spin-orbit components (j A ,|ω A |), which are marked separately. It is clear that the Cl atom and the HCl diatom already have a strong interaction at R ) 3.9 Å, but this affects mostly the diatom by more or less fixing its orientation (j B is not a good quantum number anymore). The splitting between the j A ) 1 / 2 and j A ) 3 / 2 spin-orbit states of the Cl( 2 P) atom is almost completely preserved. For R ) 3.2 Å there is also a strong change in the spin-orbit levels of the Cl atom and j A is no longer a good quantum number. Instead, the projections |ω A | and |ω B | on the intermolecular axis R become good quantum numbers, which shows the more rigid character of the complex. Figure 4 demonstrates again that the complex forms in the T-shaped geometry at R ) 3.2 Å. In the ground state, with ω B ≈ 0 (upper left panel), the diatom orientation is more or less fixed around θ ) 90°by a mixture of basis functions with mainly j B ) 0 and j B ) 2 (see Table 1 ). In the first excited state, with |ω B | ≈ 1 (upper right panel), the diatom orientation is equally well localized. We mentioned already that the system at R ) 3.2 Å has a strong preference for even or odd values of j B . This is reminiscent of the para/ortho distinction in H 2 complexes, but quite unexpected as HCl is a strongly heteronuclear diatom. Even values of j B occur in the ground state and odd values in the first excited state. Figure 4 also shows that the second and third excited states are bending excited states. For R ) 3.9 Å (Figure 5 ), the diatom orientation is clearly more delocalized. This figure contains also the lowest two states with J ) 3 / 2 and |Ω| ) 3 / 2 . The first one has a linear structure, and the second is delocalized over the linear and T-shaped geometries.
Full Calculation. We performed full two-dimensional (2D) Tables 3 and 4 . Also, the main character of the corresponding wave functions is indicated in these tables. As in the calculations with R fixed, |Ω| is a nearly good quantum number and we can sort the energy levels with respect to |Ω|.
In agreement with the 1D calculations with R fixed at R ) 3.2 Å we find that the ground state corresponds to the second diabat with j A ) 3 / 2 and |ω A | ) 1 / 2 . The density plots for J ) 1 / 2 , |Ω| ) 1 / 2 in Figure 6 show that it has a T-shaped geometry. The binding energy D 0 of the complex is 337.8 cm -1 for J ) 1 / 2 , |Ω| ) 1 / 2 , and spectroscopic parity e. Note that the lowest adiabatic potential including the spin-orbit coupling displays a local minimum with D e ) 377 cm -1 at the T-shaped geometry with R e ) 3.2 Å, and the zero-point level in the calculations with R fixed at 3.2 Å lies at -362.8 cm -1 . The global minimum in this potential with well depth D e ) 439 cm -1 occurs for the linear geometry at R e ) 3.9 Å. The first state with a linear ClHCl geometry (see Figure 6 , lower two panels) is found for J ) 3 / 2 , |Ω| ) 3 / 2 , and lies at -276.1 cm -1 . This is in good agreement with the ground state energy of -273.7 cm -1 that Dubernet and Hutson 22 calculated with their empirical model potential. Note that this potential does not support the T-shaped ground state structure, however, which we find much lower in energy. Also, the ab initio potential of Zdanska et al. 23 does not support the T-shaped ground state structure and, moreover, the well depth and binding energy of the complex are considerably smaller in this potential.
We observe in Figure 6 that the angular distributions are in good agreement with the results of the 1D calculations represented in Figures 4 and 5 . The states with J ) 1 / 2 and |Ω| ) 1 / 2 in Figure 6 correspond to the T-shaped states computed at R ) 3.2 Å and the states with J ) 3 / 2 and |Ω| ) 3 / 2 in Figure  6 to the states of linear geometry found for R ) 3.9 Å. The states with energies E ) -293.65 and -279.43 cm -1 in Figure 6 are clearly stretch fundamentals, which have no counterpart in the 1D calculations with R fixed. The states with energies E ) -215.32 and -197.01 cm -1 in Figure 6 are bending fundamentals in nice correspondence with the third and fourth states in Figure 4 .
It is clear from Figure 6 that the Cl-HCl complex has two series of states with a T-shaped geometry and |Ω| ) 1 / 2 with very similar internal motion, one with ω B ≈ 0 that includes the ground state at -337.80 cm -1 and one with |ω B | ≈1 that starts at the slightly higher energy of -325.07 cm -1 . In Table 3 one observes two similar series of levels for |Ω| ) 3 / 2 , one with |ω B | ≈ 1 starting at -326.93 cm -1 and one with |ω B | ≈ 2 starting at -289.53 cm -1 . Comparison of the energy levels from the 2D calculation in Table 3 to the levels from the 1D calculation in Table 1 shows that for each of these series of states the stretch zero-point energy of the complex is ∼ 25 cm -1 . In the harmonic approximation this corresponds to a stretch frequency of ∼50 cm -1 . In the full 2D calculation we could identify stretch progressions with quantum numbers up to V s ) 4. Fits of these progressions to the usual formula with anharmonic corrections yield the spectroscopic parameters listed in Table 5 . Two sets of such parameters are given for the T-shaped states with |Ω| ) 1 / 2 , one for the states with ω B ≈ 0 and one for the states with |ω B | ≈ 1. The third set of parameters refers to the states with |Ω| ) 3 / 2 and |ω B | ≈ 2. All values of D e from these fits agree well with the corresponding energies of the 1D calculations at R ) 3.2 Å. From a comparison of Tables 3 and 2 we extracted a stretch zero-point energy of 29 cm -1 for the states of linear geometry with |Ω| ) 3 / 2 and we could identify a stretch progression with the first and second excited states lying at 52.6 and 94.2 cm -1 , respectively, above the linear ground state at -276.14 cm -1 . A fit of this progression to eq 11 yields a set of parameters for the states of linear geometry with ω B ≈ 0. Again, the value of D e from the fit agrees well with the lowest energy of the 1D calculation at R ) 3.9 Å, as it should. The corresponding 2D and 1D bending fundamentals of the T-shaped structure in Tables 3 and 1 do not show a simple stretch zeropoint energy shift, nor do the levels in Table 3 show a clear stretch progression on top of the bending excited levels.
The parity splittings of the levels with J ) 1 / 2 , 3 / 2 , 5 / 2 , and 7 / 2 are presented in Table 4 . They agree very well with the results of the fixed-R calculation at 3.2 Å in Table 1 . The largest splittings occur for |Ω| ) 1 / 2 , and they are nicely proportional to J + 1 / 2 . This simple linear dependence on J + 1 / 2 is well- Figure 4 . Wave functions squared from 1D calculations at R ) 3.2 Å for J ) 1 /2, integrated over all coordinates except θ. The contributions of the electronic spin-orbit states (jA, |ωA|) are indicated by O for ( 3 /2, 3 /2), / for ( 3 /2, 1 /2), and × for ( 1 /2, 1 /2). The energy levels are listed in Table 1 .
known for λ doubling in linear molecules, 31 and it was also found in Cl( 2 P)-HCl by Dubernet and Hutson. 22 For the lowest levels with ω B ) 0 the proportionality constant is on the order of the end-over-end rotational constant (see below). It is Figure 5 . Wave functions squared from 1D calculations at R ) 3.9 Å, integrated over all coordinates except θ, for J ) 1 /2 (upper four panels) and for J ) 3 /2 (lower two panels). The contributions of the spin-orbit states (jA, |ωA|) are indicated by O for ( 3 /2, 3 /2), / for ( 3 /2, 1 /2), and × for ( 1 /2, remarkable, however, that the ω B ) 0 states for which we find this type of parity splitting in Cl( 2 P)-HCl are not linear but have a T-shaped geometry. Another characteristic feature is that the parity splitting is much smaller for the levels with |ω B | ) 1. Also, these smaller splittings are proportional to J + 1 / 2 , except for the second stretch overtone where some |ω A | ) 3 / 2 character mixes into the mainly |ω A | ) 1 / 2 state. All of these parity splitting characteristics can be understood by considering the Hamiltonian in eq 1 and the parity-adapted basis in eq 9. From the latter it follows that the energy difference between functions with e and f parities is caused by a coupling between the basis components with (ω A ,ω B ,Ω) and (-ω A ,-ω B ,-Ω). The term in the Hamiltonian that is responsible for this coupling is the Coriolis coupling operator -2(ĵ A + ĵ B )‚Ĵ/ (2µ AB R 2 ) and, in particular, the step-up and step-down terms with ĵ A (ω A ,ω B ,Ω) ) ( 1 / 2 , 0, 1 / 2 ) and (-1 / 2 , 0, -1 / 2 ). The coupling matrix elements are and they cause a first-order splitting between the functions of e and f parities, which would otherwise be degenerate. Equation 12 shows that this splitting should indeed be proportional to J + 1 / 2 , with a proportionality constant that is 2(j A + 1 / 2 ) times the expectation value of [2µ AB R 2 ] -1 over the radial part of the wave function. The quantum number j A is mostly 3 / 2 in the lower levels, and the expectation value 〈[2µ AB R 2 ] -1 〉 is the end-overend rotational constant B of the complex. In reality, the parity splitting for the states with ω B ≈ 0 is somewhat smaller than 4B. Functions with ω B * 0 are not coupled and would not show any parity splitting if ω B were an exact quantum number. It is not exact, however, so even the wave functions with |ω B | ≈ 1 have a small component with ω B ) 0 and show a small parity splitting. For |Ω| ) 3 / 2 the splittings are even smaller, and they are proportional to (J -1 / 2 )(J + 1 / 2 )(J + 3 / 2 ) as pointed out by Dubernet and Hutson. 22 They are due to a higher order effect of the Coriolis coupling operator ĵ A ( Ĵ ( /(2µ AB R 2 ). No splittings are shown for |Ω| > 3 / 2 because they are hardly visible at the accuracy of our calculations.
From the levels with J ) 1 / 2 , 3 / 2 , 5 / 2 , and 7 / 2 we extracted rotational constants of the complex. First, we averaged the energies of the e and f states to remove the effect of the parity splitting. We note that the J dependence of the energy levels originates from the term
in the Hamiltonian. After removal of the parity splitting, the energy contribution of this term is 
〉 (12) Figure 6 . Density distributions from full 2D calculations for J ) 1 /2 and |Ω| ) 1 /2 (upper six panels) and for J ) 3 /2 and |Ω| ) 3 /2 (lower two panels). These distributions are the squares of the rovibronic wave functions, integrated over the electronic coordinates and the overall rotation angles of the complex (R, , φ). The corresponding energy levels are listed in Table 3 .
The band origins E 0 , end-over-end rotational constants B, and centrifugal distortion constants D presented in Table 6 were obtained by a fit of the levels with J ) 1 / 2 , 3 / 2 , 5 / 2 , and 7 / 2 for each internal state with the formula From the wave function of each state we also calculated the expectation value of R and the rotational constant B av ) 〈[2µ AB R 2 ] -1 〉. In Table 6 we compare these results. Especially for the levels with ω B ) 0 we find that the B value from the fit of the rotational levels agrees very well with the expectation value B av . The agreement is somewhat less good for the levels with |ω B | ) 1. In the fit with eq 13 it is assumed that the complex is a linear rotor. Hence, we may conclude that the states with ω B ) 0 behave as a linear rotor, whereas the states with |ω B | ) 1 do not. This conclusion is quite remarkable, however, because the complex has clearly a T-shaped geometry, even in the states with ω B ) 0. The same conclusion was reached on the basis of the parity splittings.
In the rotational constants and the values of 〈R〉 in Table 6 one observes a marked distinction between the T-shaped and linear structures. All of the states with |Ω| ) 1 / 2 have a relatively large rotational constant and 〈R〉 values between 3.2 and 3.5 Å. They are T-shaped. For |Ω| ) 3 / 2 we find T-shaped states with |ω A | ≈ 1 / 2 and linear states with |ω A | ≈ 3 / 2 . The latter have a substantially smaller rotational constant B and a value of 〈R〉 between 3.7 and 4.0 Å. The value of B for the linear geometry agrees fairly well with the value of Dubernet and Hutson. 22 
Conclusion
Without consideration of the spin-orbit coupling the Cl( 2 P)-HCl complex has three asymptotically degenerate electronic states. With the use of the accurate ab initio adiabatic and diabatic intermolecular potential energy surfaces that were recently computed for these states, 24 we calculated the bound levels of this complex for J ) 1 / 2 , 3 / 2 , 5 / 2 , and 7 / 2 with the inclusion of spin-orbit coupling. After a fit of the diabatic potentials with an appropriate analytic form of the anisotropy, we present diabatic and adiabatic potentials including spinorbit coupling. These were very useful in understanding the characteristics of the bound levels calculated. We further elucidated these characteristics by a series of 1D calculations on the hindered rotation or bending motion of the HCl monomer with the Cl-HCl distance R fixed at values ranging from 2.5 to 5.5 Å. The ground state of the complex turned out to have a T-shaped geometry with 〈R〉 ≈ 3.2 Å, and we identified the associated stretch and bending excited levels. We also found a progression of states with a linear geometry of the complex at substantially higher energy with 〈R〉 ≈ 3.7-4.0 Å. Previous, more approximate, calculations with empirical 22 or ab initio 23 potentials led to a ground state of linear geometry; the T-shaped states were not predicted in earlier work. Stretch and bending vibrational frequencies, rotational constants, and parity splittings were obtained from the usual spectroscopic fits of the levels calculated for different values of J; the rotational constants were also computed from expectation values. It is noteworthy that the Cl-HCl complex displays several series of states with a T-shaped geometry and very similar internal motion, with different values of |ω B |. This quantum number ω B is the component of rotational angular momentum j B of the HCl monomer on the Cl-HCl bond axis. The series of levels with ω B ≈ 0 includes the ground state and has the remarkable feature that the states possess a T-shaped structure, but display several of the properties of a linear open-shell molecule, such as a relatively large parity splitting proportional to J + 1 / 2 . 
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